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Abstract of Dissertation
STRUCTURAL, TRANSPORT, AND TOPOLOGICAL PROPERTIES INDUCED AT
COMPLEX-OXIDE HETERO-INTERFACES
Complex-oxides have seen an enormous amount of attention in the realm of
Condensed Matter Physics and Materials Science/Engineering over the last several
decades. Their ability to host a wide variety of novel physical properties has even caused
them to be exploited commercially as dielectric, metallic and magnetic materials. Indeed,
since the discovery of high temperature superconductivity in the “Cuprates” in the late
1980’s there has been an explosion of activity involving complex-oxides. Further, as the
experimental techniques and equipment for fabricating thin films and heterostructures of
these materials has improved over the last several decades, the search for new and more
exotic properties has intensified. These properties stem from the interfaces formed by
depositing these materials onto one another. Whether it be interfacial strain induced by the
mismatch between the crystal structures, modified exchange interactions, or some
combination of these and other interactions, thin films and heterostuctures provide an
invaluable tool the modern condensed matter community.
Simply put, a “complex-oxide” is any compound that contains Oxygen and at least
two other elements; or one atom in two different oxidation states. Transition Metal Oxides
(TMO’s) are a subset of complex-oxides which are of particular interest because of their
strong competition between their charge, spin and orbit degrees of freedom. As we
progress down the periodic table from 3d to 4d to 5d transition metals, the crystal field,
electron correlation and spin-orbit energies become more and more comparable.
Therefore, TMO thin films and heterostructures are indispensable to the search for novel
physical properties.
KTaO3 (KTO) is a polar 5d TMO which has been investigated for its high-k
dielectric properties. It is a band insulator with a cubic perovskite crystal structure which
is isomorphic to SrTiO3 (STO). This is important because non-polar STO is famous for
forming a highly mobile, 2-Dimensional Electron Gas (2DEG) at the hetero-interface with
polar LaAlO3 (LAO) as a result of the so-called “polar catastrophe”. Here, I use this
concept of polarity to ask an important question: “What happens at hetero-interfaces where

two different polar complex oxides meet?” From this question we propose that a heterointerface between two polar complex-oxides with opposite polarity (I-V/III-III) should be
impossible because of the strong Coulomb repulsion between the adjacent layers.
However, we find that despite this proposed conflict we are able to synthesize KTO thin
films on (110) oriented GdScO3 (GSO) substrates and the conflict is avoided through
atomic reconfiguration at the hetero-interface.
SrRuO3 (SRO) is a 4d TMO, and an itinerant ferromagnet that is used extensively
as an electrode material in capacitor and transistor geometries and proof-of-concept
devices. However, in the thin film limit the ferromagnetic transition temperature, TC, and
conductivity drop significantly and even become insulating and lose their ferromagnetic
properties. Therefore, we ask “Are the transport properties of SRO thin films inherently
inferior to single crystals, or is there a way to maintain and/or enhance the metallic
properties in the thin film limit?” We have fabricated SRO thin films of various thickness
on GSO substrates (tensile strain) and find that all of our samples have enhanced metallic
properties and even match those of single crystals.
Finally, we ask “Can these enhanced metallic properties in SRO thin films allow us
to observe evidence of a topological phase without the complexity of off-stoichiometry
and/or additional hetero-structural layers?” Recent reports of oxygen deficient EuO films
as well as hetero-structures and superlattices of SRO mixed with SrIrO3 or La0.7Sr0.3MnO3
have suggested that a magnetic skyrmion phase may exist in these systems. By measuring
the Hall resistivity, we are able to observer a topological Hall effect which is likely a result
of a magnetic skyrmion. We find that of the THE exists in a narrow temperature range and
the proposed magnetic skyrmions range in size from 20-120 nm. Therefore, the SRO/GSO
system can provide a more viable means for investigating magnetic skyrmions and their
fundamental interactions.

KEYWORDS: Complex-Oxide, Thin Films and Hetero-structures, Strong Correlation,
Pulsed Laser Deposition, Hetero-interface, Topological Hall Effect
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Chapter 1.

Introduction

Although I will discuss Transition Metal Oxide (TMO) thin films and heterostructures generically, this work focuses on the structural, transport and topological
properties that are induced at the hetero-interfaces of complex-oxides; namely, KTaO3
(KTO) and SrRuO3 (SRO) thin films on various substrate materials. All of the samples
presented were synthesized via Pulsed Laser Deposition (PLD) which is a type of a broader
deposition technique called Physical Vapor Deposition. In the cases where the films and
hetero-structures synthesized are epitaxial, then PLD is also sometimes referred to as
Pulsed Laser Epitaxy (PLE). All of the films and hetero-structures in this work fall under
this category and therefore I will use this nomenclature throughout this thesis.
In the first part of this thesis (Chapter 2) I will explore a novel concept which I have
dubbed the “polar conflict”. This concept is similar to the well-known “polar catastrophe”
in that it involves interfaces of polar materials. I will begin with an introduction to polar
materials and some of the more well-known systems.

This work, however, deals

exclusively with the so-called “layered perovskites” and, hence, I will focus my
introduction and discussions on the layered perovskite systems. Then I will discuss the
“polar catastrophe” in these materials and present our idea for the “polar conflict”. Next,
to end this section, I will present our findings on the atomic reconfiguration at the polarpolar hetero-interface between KTO/GSO as a result of this polar conflict.
In the second part of this thesis (Chapter 3) I will discuss our investigations of the
structural and transport properties of SRO induced by interfacial effects. To begin I will
briefly discuss the role of electrode materials in devices and proof-of-concept systems.
1

Next, I will discuss the success of SRO as an electrode material as well as it shortcomings.
These shortcomings are what led us to ask “Is it possible to fabricate SRO thin films as an
electrode while maintaining its single crystalline physical properties?” To answer this
question, we first propose interfacial strain as a means of tuning the bandwidth and then
we go a step further by investigating the role of the deposition process on the structural and
transport properties. Particularly, I will discuss the importance of the laser plume kinetics
for the film stoichiometry and nucleation.
After presenting our idea for interfacial strain and laser plume kinetics I will discuss
our techniques for synthesizing our SRO films with in-situ monitoring via spectroscopic
ellipsometry. Next, I will present the structural characterization measurements which
indicate the high quality of our SRO thin films before I move on to the presentation of the
transport measurements. Here, I will show that through the application of an interfacial
tensile strain and with controlled laser plume kinetic energy, we are able to synthesize SRO
thin films down to 16 nm which have enhanced metallic properties which closely match
those previously only seen in SRO single crystals.
Finally, in the last section of this thesis (Chapter 4) I will use the previously
discussed results of enhanced metallic properties of SRO/GSO in order to explore the
possibility of an interfacially induced “magnetic skyrmion” in this system.

These

skyrmions not only hold the potential for extremely stable, high density, next generation
memory devices, they also offer an ideal platform for exploring the role of topology in
physics and a deeper exploration of the fundamental interactions that drive them. First, I
will present complex-oxides as an ideal candidate to host topological phases and then focus
on the existence of a magnetic skyrmion phase in SRO thin films. Then I will discuss
2

experimental techniques for probing magnetic skyrmion phases and their limitations. Next,
I will show how the Topological Hall Effect (THE) has emerged as a primary tool for
magnetic skyrmion investigations and discuss the experimental details of this technique. I
will end this section with our results of SRO/GSO where we observed a Topological Hall
Effect (THE) which is likely a result of the formation of magnetic skyrmions in this system.

3

Chapter 2.
Alleviating Polarity-Conflict at the Hetero-Interfaces of KTaO3/GdScO3
Polar Complex-Oxides

2.1 Background of Polar Materials

Polar materials and their properties have been investigated extensively over the last
half a century in systems such as Ge/GaAs[1-3], yet the role of this polarity on the materials
physical properties is not fully understood. This is largely due to the fact that some systems
with polar materials don’t seem to exhibit any novel phenomena as a result of the polarity,
whereas in other systems it is thought to be the fundamental driving force behind a wide
variety of novel states.[4-6] Although some of the earliest polar systems realized were the
III-V materials such as GaAs[2], for this study I will only focus on a class of materials
referred to as the “layered perovskites”. It is important to note that the layered perovskites
are not the only polar materials, but as this thesis only deals with systems of layered
perovskites, I will focus on them specifically.
2.1.1 Oxidation States and/or Valency

The concept of a polar material stems from the oxidation state or valency of the constituent
materials. The oxidation state tells the number of valence electrons gained or lost by an
atom in a molecule. For most elements this number, the oxidation state, can take on
different values depending upon the bonds and/or molecule. Nonetheless, if a material is
composed of layers where the oxidation state of each layer has an opposite sign, that
material is said to be polar. Clearly, the overall charge of the molecule or compound has
to be neutral, otherwise it will quickly gain or lose electrons by bonding with other elements
4

or molecules nearby and form a new, neutral molecule or compound. Nonetheless, these
systems of alternating planes or layers with “built-in” charge are of paramount importance
to the following studies.
2.1.2 Layered Perovskites

As I mentioned, all of the materials used in this thesis have the perovskite crystal structure,
meaning they follow the ABO3 chemical formula. Here, “A” and “B” are two different
cations and the anion is Oxygen. For Transition Metal Oxide (TMO) perovskites the Bsite cation is a transition metal and the A-site cation can be any of the alkali, alkaline or
rare earth metals. They are referred to as “layered perovskites” because of their crystalline

-A
-B
-O

Figure 2.1 – Example of a “layered perovskite”. A
schematic diagram of a single unit cell of a cubic
perovskite (ABO3). Here, we can clearly see that the
crystal structure is organized in alternating planes or
“layers” of AO and BO2.

structure. An example of this structure is shown schematically in Figure 2.1. As we can
see here, each unit cell of the perovskite crystal structure is comprised of layers which
alternate between AO and BO2. This is important because depending on the oxidation state
of the A-site and B-site cations, these layers can either be charged (±1) or neutral. Note
that because the oxidation state or valency of Oxygen is 2-, the available combinations of
oxidations states of the A- and B-site cations is limited. As a matter of fact, there are
5

essentially only three possibilities. The first is A2+ and B4+ which has neutral layers and is
hence, non-polar. Both of the remaining possible configurations are polar but have subtle
differences which I will discuss later. The first has A3+ and B3+ while the other has A1+
and B5+. Based upon these oxidation states, throughout the remainder of this thesis I will
refer to these configurations as II-IV (non-polar), III-III (polar) and I-V (polar)
respectively. Here, it should be noted that while both the III-III and I-V systems are polar,
the sign of the “charge” for each layer is opposite; i.e. in the III-III system the A3+O2- layer
1+ 2is 1+ and the B3+O4−
2 layer is 1- while in the I-V system the A O layer is 1- and the

B5+O4−
2 layer is 1+. These differences are subtle but may have profound differences on the

physical properties induced at hetero-interfaces between them. Also, these properties may
depend upon the termination layer of the substrate; i.e. if the substrate is terminated on the
BO2 (AO) layer then, for example, the III-III system must begin with the AO (BO2) layer
which has a charge of 1+ (1-). Through this simple ionic picture, it should be clear that by
constructing interfaces between these polar/non-polar materials has the potential to induce
novel physical phenomena in these systems.

6

2.2 Effects of Polar Interfaces

The polarity of materials and their electrostatic boundary conditions are key factors to
create unprecedented electronic and magnetic properties in complex-oxide heterostructures. For example, the discontinuous polarity at the hetero-interface between polar
LaAlO3 (LAO) and non-polar SrTiO3 (STO)[7, 8] has resulted in confined electrons at the
interface to form a two-dimensional electron gas (2DEG),[9, 10] which exhibits intriguing
properties such as metal-insulator transitions,[11] colossal capacitance,[12, 13] and the
coexistence of superconductivity and magnetism.[14] These phenomena are thought to
originate from electron-transfer that prevents the electric potential from diverging within
the polar layer, the so-called ‘polar catastrophe’.[7]
2.2.1 The Polar Catastrophe

In this picture, when a hetero-interface between polar and non-polar materials is formed
there is a diverging electrostatic potential which should not be possible; hence the name.
This diverging potential is a result of the “built-in” electric field from the “charged” layers
of the polar material. An example of this is illustrated in the schematic diagram of Figure
2.2. Here, a II-IV material is used as the substrate while the film is a III-III material. In
Fig. 2.2 (a) the substrate is terminated on a B’O2 layer and therefore the first film layer
must be A’O. Here, the apostrophe on the “A” and “B” indicate that the cations are
different from those in the substrate. In this case the first film layer has a 1+ charge, a
positive electric field and a diverging negative potential. For Fig 2.2 (b) the substrate is
terminated on a AO layer and the first film layer is BO2 causing all of the signs of the

7
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Figure 2.2 - A schematic representation of the polar conflict between two layered perovskites. Note
that for the layered perovskites, the polar conflict requires a hetero-interface of II-IV with III-III materials.
Here, we have chosen the II-IV material as the substrate, but the idea is easily extended to other
configurations.

charge, field and potential to be flipped from the case in Fig. 2.2 (a). In both cases a polar
catastrophe exists as a result of the polar/non-polar hetero-interface. However, as we will
see later, the substrate termination layer can have a profound impact on how the polar
catastrophe is avoided in these two systems.
In the time since this report, there have been countless studies of the “polar
catastrophe” at various hetero-interfaces. However, all of these studies have focused on
hetero-interfaces between III-III and II-IV compounds. Regardless of the constituent
materials, all III-III (II-IV) complex-oxides are polar (non-polar). Likewise, all I-V
complex-oxides, such as KTO, are polar as well.
2.2.2 LaAlO3/SrTiO3 – The Prototypical Catastrophe

As we can see from the previous section, when a hetero-interface is formed between any
II-IV and III-III layered perovskite materials, according to a simple ionic picture, a
diverging electrostatic potential is generated. The first and most extensively studied such
8

(a)

(b)
ρ

e/2
e/2
e/2
e/2
e/2

𝐸

V

ρ

e/2

1+

A’3+O2-

1-

B’3+O24-

1+

A’1+O2-

1-

B’3+O24-

½+
0

A2+O1.5−
0.75

B4+O24-

0

A2+O2-

A2+O2-

0

B4+O24-

1-

B’3+O24-

1+

A’3+O2-

1-

B’3+O24-

1+

A’3+O2-

½-

B3.5+O24-

0

A2+O2-

0
0

e/2
e/2
e/2
e/2

𝐸

V

B4+O24-

Figure 2.3 – Fractional charge transfer across the II-IV/III-III hetero-interface to avoid the polar
catastrophe. In this picture, the polar catastrophe is avoided by transferring half an electron per unit cell
across the hetero-interface.

systems are hetero-interfaces between LaAlO3 (LAO) and STO. Here, LAO has A’ = La3+
and B’ = Al3+ while the substrate, STO, has A = Sr2+ and B = Ti4+. Despite the proposed
polar catastrophe that exists when these two materials are brought together at a heterointerface, the LAO/STO system has been studied exhaustively over the last two decades.
This is likely due to the relative ease with which the LAO/STO systems can be fabricated
and the fact that STO single crystal substrates are readily available and somewhat
inexpensive. Additionally, there exists a proven surface treatment method that can easily
prepare the STO substrate to have TiO2 terminations with an atomically flat surface via
chemical etching. That being said, a plethora of interesting and novel phenomena have
been observed and reported on this system. That being said, it is critical to understand how
the polar catastrophe is avoided in this and other III-III/II-IV systems.
2.2.3 Avoiding the Catastrophe

Despite this so-called catastrophe which exists between any, and all, II-IV and III-III
layered perovskite materials, these systems are experimentally realizable and indeed, there
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have been countless studies conducted on these systems. However, there are two published
studies in particular that triggered the avalanche of reports that have since been conducted.
In these two studies, the authors presented for the first time a means whereby the polar
catastrophe could be avoided. In this picture, the authors propose that this catastrophe can
be eliminated by a fractional charge transfer across the hetero-interface. This fractional
charge transfer is mitigated via two similar mechanisms depending upon the termination
layer of the substrate.
In both of the studies previously mentioned, the authors use the LAO/STO system
as an example but it is important to note that one of the mechanisms may not be easily
obtainable for all II-IV materials. In this case, the II-IV material, which is the substrate in
our example, is BO2 terminated; TiO2 in the case of STO. Ti is a special case because of
its affinity to mixed valence states; i.e. Ti4+ and Ti3+ are both accessible oxidation states
for Ti. The ability of Ti to access both of these oxidation states would allow the transfer
of half an electron per unit cell, on average, to the adjacent layer. In this case, the first LaO
layer of the LAO film. In Fig. 2.3 we can see a schematic representation of this fractional
charge transfer for a generic III-III/II-IV hetero-interface. In Fig. 2.3 (a) the substrate has
a BO2 termination and if we assume the B-site cation has access to mixed oxidation states,
then a half of an electron per unit cell can be transferred. This creates a dipole at the heterointerface which causes the electric field to oscillate about zero and allows the potential to
remain finite. Thereby avoiding the polar catastrophe.
In the second case, the stipulation of mixed valency for the B-site cation is not
required and therefore should be accessible to any II-IV material. Here, the substrate has
an AO termination layer; SrO in the case of the STO, and hence, the first film layer is B’O2;
10

AlO2 in the case of LAO. Fig. 2.3 (b) depicts this scenario for a generic III-III/II-IV system.
The difference here is that now the diverging potential can be avoided by removing half an
electron per unit cell from the AO (SrO) layer in the form of Oxygen vacancies.
Using this simple ionic model with charge redistribution we see one possible
scenario for how this polar catastrophe can be avoided. Additionally, from this picture we
might expect some novel electronic properties and indeed, a wide variety of physical
properties have been reported in the LAO/STO system that are not present in either of these
materials independently. However, before I discuss these results and extend them to a new
system, I would like to discuss another sort of polar catastrophe; the polar conflict.
2.2.4 The Polar Conflict

Here, we address a simple but important question: “What happens at hetero-interfaces
where two different polar complex oxides meet?” As a model system, we have investigated
the hetero-interfaces of KTaO3 (KTO) and GdScO3 (GSO), which are both polar complexoxides along the pseudo-cubic [001] direction. Since their layers have the same, conflicting
net charges at interfaces, i.e. KO(–1)/ScO2(–1) or TaO2(+1)/GdO(+1), forming the heterointerface of KTO/GSO should be forbidden due to the ‘polarity conflict’ resulting from
strong Coulomb repulsion. However, we have discovered that atomic reconstruction
occurs at the hetero-interfaces between KTO thin-films and GSO substrates, which
effectively alleviates the polarity conflict without destroying the hetero-epitaxy. Our
results demonstrate an important way to create artificial hetero-structures from polar
complex-oxides.
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Figure 2.4 - Schematic diagrams of the two possible
configurations of KTO/GSO hetero-interface. (a) ScO2 (−1)
terminated GSO substrate with the first film layer of KO (−1),
(b) GdO (+1) terminated GSO substrate with the first film
layer of TaO2 (+1).

There are two possible configurations of hetero-interfaces between KTO and GSO
along the pseudo-cubic [001] direction. Because the valence states of K1+, Ta5+, Gd3+, and
Sc3+ are stable, the KO (GdO) layers have a net charge of −1 (+1) and the TaO2 (ScO2)
layers have a net charge of +1 (−1), respectively. The net charge of –1 (+1) means one
electron (hole) per unit-cell square lattice in a simple ionic picture. What is controversial
here is that the two adjacent atomic layers at the hetero-interfaces, i.e. KO(–1)/ScO2(–1)
(Fig. 2.4 (a)) and TaO2(+1)/GdO(+1) (Fig. 2.4 (b)), have the same net charge, in which one
can expect unstable interfacial states due to strong Coulomb repulsion. Note that this socalled “polar conflict”, i.e. the strong electrostatic Coulomb repulsion between two polar
materials at their interfaces, occurs regardless of the termination layers of KTO and GSO
(Fig. 2.4). Further, this polar conflict should arise at the hetero-interface of any I-V/III-III
materials. Hence, one may expect that the polarity conflict would result in forbidden
growth of epitaxial KTO thin-films on GSO substrates and every I-V and III-III complexoxide hetero-structure. However, here we show that high-quality KTO thin-films can be
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Figure 2.5 - Examples of alleviating the polarity-conflict of KTO/GSO hetero-interfaces. (a) The
formation of a rock-salt interfacial layer. Introducing (b) 0.5 oxygen vacancies per unit-cell area of ScO2
layer or (c) 0.5 interstitial oxygen ions per unit-cell area (sheet density ≈ 3.2×1014 cm-2). (d) The formation
of interfacial bi-layer KxGd1-xO/TaySc1-yO2 with x = 0.75 and y = 0.25, which gives a net charge of (–1).
Any conditions satisfying x ≥ 0.5 and x – y = 0.5 will yield a net charge of (–1).

grown epitaxially on atomically flat GSO substrates even with the anticipated polarity
conflict at the hetero-interfaces.
2.2.5 Alleviating the Conflict

Figure 2.5 shows a few possible ways to avoid the polarity conflict at the hetero-interfaces
of KTO and GSO, as well as any I-V and III-III complex-oxide hetero-structures. One way
is to introduce a rock-salt interfacial structure of (K,Gd)O (Fig. 2.5 (a)), which is
commonly observed in the Ruddlesden-Popper phases. Since each KO and GdO layer has
a net charge of (–1) and (+1), respectively, the polar nature of the hetero-structure can be
conserved. Another way to alleviate the conflict is through the presence of defects such
as oxygen vacancies (Fig. 2.5 (b)) or interstitial oxygen ions (Fig. 2.5 (c)) at the heterointerface, which provide the necessary additional charge. A more complicated resolution
is to introduce an atomically mixed layer such as an interfacial bi-layer of KxGd1-xO/TaySc1yO2.

If x ≥ 0.5 and x = y + 0.5, then this interfacial bi-layer will have a net charge of (–1),

which will conserve the overall polarity of the system, as shown in Fig. 2.5 (d). For
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example, a bi-layer with quarter-filled Gd and Ta ions, i.e. K0.75Gd0.25O/Ta0.25Sc0.75O2 (x =
0.75, y = 0.25), results in an overall net charge of (–1). Complete absence of either Gd3+
or Ta5+ ions, i.e. KO/Ta0.5Sc0.5O2 (x = 1, y = 0.5) or K0.5Gd0.5O/ScO2 (x = 0.5, y = 0), will
yield a net charge of (–1) as well.

In the following paragraphs, our experimental

investigations show that the polarity conflict at the hetero-interfaces between KTO and
GSO is effectively resolved by forming an interfacial bi-layer of KxGd1-xO/TaySc1-yO2 with
negligible influence from interfacial defects.
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2.3 Atomic Reconfiguration at Polar-Polar Hetero-interfaces

2.3.1 Synthesizing Polar/Polar Hetero-interfaces

We have grown epitaxial KTO thin films (30-50 nm in thickness) on atomically flat GSO
(110)o single crystal substrates using pulsed laser deposition (PLD). Bulk KTO is a cubic
perovskite with a lattice parameter of a = 3.989 Å,[15] whose lattice mismatch with GSO
(pseudo-cubic lattice, 3.967 Å) is only –0.28 % (slight in-plane compressive strain on KTO
thin-films). Such a good lattice match is an ideal condition for coherent, epitaxial growth
of complex-oxide thin films. While bulk KTO is an incipient ferroelectric,[16] recent
studies of KTO have revealed interesting ferromagnetism at the interfaces of
KTO/STO[17] and the formation of a 2DEG at KTO surfaces.[18] The PLD growth
conditions were a substrate temperature of 700 °C, an oxygen partial pressure of 100 mTorr,
and a laser (KrF excimer, λ = 248 nm) fluence of 1.6 J/cm2. We used a segmented target
of KNO3 and KTO, in which half of the target consists of a semi-circular cold-pressed
KNO3 pellet and the other half a KTO single crystal.[19, 20] Atomically flat GSO
substrates have been prepared by annealing at 1000 °C for one hour in air.

We have grown KTO thin films on GSO substrates of various miscut angles,
between 0.05° and 0.18°. Figure 2.6 (a) and 2.6 (b) show topographic images of two GSO
substrates with the lowest and highest miscut angles, respectively, which are obtained with
an atomic force microscope.

The quality of the KTO thin film has no noticeable
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Figure 2.6 - Substrate miscut angles and X-ray diffraction
information. Atomic force microscope topographic images
of two different GSO substrates with their corresponding line
profiles (white lines) of miscut angles (a) 0.05° and (b) 0.18°.
(c) XRD θ-2θ scan around a KTO (001) thin-film peak. (d)
Rocking curves around the KTO (001) thin-film and the GSO
(110)o substrate peaks.

dependence on the substrate miscut-angle (discussed in detail in the following paragraphs).
Note that supplying an excess of volatile potassium ions is one of the keys for success
during the PLD growth of KTO thin films.

2.3.2 Structural Characterization of KTO/GSO Hetero-structures

X-ray diffraction (XRD) shows that KTO thin films are fully-strained, and epitaxiallygrown on GSO substrates. XRD θ-2θ scans (Fig. 2.6 (c)) have revealed only the (00l)
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peaks of the KTO thin films, which confirm the [001] orientation. It is remarkable that the
full-width half-maxima of rocking curve scans of the thin films (Δω ≈ 0.04 °) are
comparable to that of the GSO substrates (Fig. 2.6 (d)), which show the high crystallinity
of our KTO thin films. A typical Δω is 0.04 ° for the 110 GSO peak measured with our
Goebel X-ray mirror optics. X-ray reciprocal space mapping (RSM) near the GSO (332)o
diffraction peak shows that the KTO thin films are fully strained to the substrates, as shown
in Fig. 2.7 (a). The lattice parameters of the KTO thin films from this RSM are estimated
as a = 3.963 Å and c = 3.994 Å. This result of synthesizing such high-quality, fully-strained
KTO thin films on GSO substrates is surprising since thin-film growth should be forbidden
due to the polarity conflict between the two polar materials, as discussed above. It is
possible that the polarity conflict weakens when KTO thin films are grown on high miscutangle substrates due to the increased number of step-terraces. However, as we have
mentioned above, we have tested GSO substrates with various miscut angles and highquality thin films can be grown even on substrates with a miscut angle as low as 0.05° (Fig.
2.6 (a)).

2.3.3 Atomically Reconfigured Bi-layer at the KTO/GSO Hetero-interface

To probe the microscopic structure of the questionable KTO/GSO hetero-interfaces, we
have measured Z-contrast high-resolution scanning transmission electron microscopy
(STEM). Our STEM samples have been prepared by 2° wedge polishing across the heterointerface and the high angle annular dark field (HAADF) cross-sectional images are
acquired with a FEI Titan STEM (Cs = 1.2 mm, α = 9.6 mrad, 300 kV). Figure 2.7 (b)
shows a Z-contrast STEM image, which indicates that the KTO films are of high quality
17

4.9

4.8

(

(b)
GSO
(332)o

KTO

4.7
KTO
(103)
GSO

4.6

1.50 1.55 1.60 1.65

Figure 2.7 - X-ray RMS and STEM data. (a) X-ray RSM
around the GSO (332)o plane. The vertical dashed line
indicates that the KTO film is fully strained to the GSO
substrate. (b) HAADF cross-sectional STEM image of the
KTO/GSO hetero-interface. The white line is a 5 nm scale
bar. The hetero-interface between KTO and GSO is marked
by a triangle (◄).

and fully strained; there is no indication of misfit dislocations at the interface and the thin
film, which is consistent with the XRD data. It is well known that the brightness (intensity)
of the Z-contrast STEM image depends on the atomic number (Z).[21] Since there is a
large difference in atomic numbers between A-site ions (K (Z = 19) and Gd (Z = 64)), as
well as B-site ions (Ta (Z = 73) and Sc (Z = 21)), we can easily see that the brightest dots
in the film (upper) and the substrate (lower) regions of the STEM image are Ta and Gd
atoms, respectively. Note the horizontal shift of the bright columns of the atoms across the
interface (◄) is seen in the STEM image since Ta atoms are at B-sites while Gd atoms are
at A-sites of the perovskite (ABO3) structure. Hence, the rock-salt interfacial structure (Fig.
2.5 (a)) is ruled out: If there were a rock-salt interfacial structure, the bright columns should
have appeared straight with no horizontal shift across the interface. Moreover, we can
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reasonably presume that a large concentration (~ 3.2×1014 cm-2) of oxygen vacancies or
interstitial oxygen ions, which are suggested mechanisms of solving the polarity-conflict
in Figs. 2.5 (b) and 2.5 (c), is not present in our samples. If it were, we would have observed
strain relaxation from the X-ray RSM data (Fig. 2.7 (a)) or misfit dislocations from the
STEM data (Fig. 2.7 (b)). Upon closer examination of the STEM data, we have observed
that an atomic reconfiguration occurs at the hetero-interface, which reveals important clues
about how the polarity conflict is alleviated. The high-magnification STEM image in
Figure 2.8 (a) shows that there is a bi-layer of neighboring atoms with reduced intensities
near the interface, marked with filled ( ) and open ( ) triangles, compared to the Ta and
Gd atoms of the regions far away from the interface. The top layer (open triangle) and the
bottom layer (filled triangle) can be attributed to atomically reconstructed layers of KxGd1xO

and TaySc1-yO2 layers, respectively. The good contrast in atomic numbers between K

and Gd, as well as Ta and Sc allows us to readily examine the interfacial layer using STEM
intensity profiles. Figure 2.8 (b) shows the STEM intensity line profiles along the bi-layer.
While it is a formidable task to measure the exact atomic occupancy factor of the interfacial
bi-layer, our best estimate of the interfacial layer using the STEM intensity profile is
K0.7Gd0.3O/Ta0.2Sc0.8O2, indicating that there are more K and Sc ions than Gd and Ta ions.
In order to obtain these values for x and y, we first performed an STEM intensity profile
far away from the interface in both the KTO and GSO regions, along the different layers
of KO, TaO2, GdO, and ScO2. Next, we performed an intensity profile along the mixed
(K,Gd)O and (Ta,Sc)O2 layers at the interface. Finally, we made a comparison of the
average intensities of each row and obtained the approximate estimates of x = 0.7±0.1 and
y = 0.2±0.1. It is important to note that without supplying excessive K ions to the GSO

19

substrate, by laser-ablating KNO3 pellets, we are unable to fabricate these KTO thin-films.
This step of supplying excessive K ions is particularly important during the initial
deposition process. This growth condition may result in the deficiency of either Gd3+ ions
at A-sites or Ta5+ ions at B-sites in the interfacial bi-layer due to the excessive supply of K
ions and the ScO2 termination of GSO substrates. Hence, the fully occupied interfacial bilayer becomes K0.7Gd0.3O/Ta0.2Sc0.8O2, which satisfies the conditions of x ≥ 0.5 and x = y
+ 0.5 necessary to achieve a net charge of (–1).

Two extreme configurations of

KO/Ta0.5Sc0.5O2 and K0.5Gd0.5O/ScO2 can give a net charge of (–1) as well, but these
configurations are not consistent with our STEM data. Thus, the polarity conflict in this
hetero-interface is effectively resolved by the formation of a bi-layer with a net charge of
(−1) resulting from atomic reconstruction at the hetero-interface. Note that there is an
alternating intensity along the Ta0.2Sc0.8O2 interfacial layer while the K0.7Gd0.3O layer does
not show such a fluctuation. This suggests that there is an additional atomic ordering of
Ta and Sc ions (B-site elements) at the hetero-interface while the K and Gd ions are rather
randomly mixed, which is schematically illustrated in Fig. 2.8 (c).
The atomically-reconstructed bi-layer formed between two polar layers can provide
an unprecedented way to create intriguing electronic states at hetero-interfaces. For
instance, a dimensionally-confined, highly electron-doped interfacial layer can be formed
at the hetero-interfaces between two polar materials. As shown in the schematic diagram
of Fig. 2.8 (c), the reconstructed, interfacial bi-layer should have a net charge of one extra
electron per unit-cell due to the adjacent polar KTO and GSO layers. Recall that an extra
half-electron per unit-cell is created at the interface of LAO/STO polar/non-polar heterointerfaces to avoid the polar catastrophe of polar LAO layers.[7] Hence, in the KTO/GSO
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Figure 2.8 - The configuration of interfacial bi-layer. (a) High-magnification STEM image of the
KTO/GSO hetero-interface. The white line is a 1 nm scale bar. (b) Line profiles of the bi-layers at the heterointerface. The solid and open triangles indicate the locations of the profiles in (a). The asterisks () indicate
reduced intensities with Ta-deficient atomic rows. (c) Schematic diagram of the reconstructed heterointerface, with the net charge of the bi-layer indicated on the right. A net charge of (–1) in the interfacial bilayer (dashed line) maintains the overall polarity of the system.

system, a simple electrostatic picture will ideally lead to a two-dimensional electronic state
with a carrier density twice as large as observed in the LAO/STO system since there are
two polar layers instead of just one. We have measured dc-transport properties of our
samples as a function of temperature, and found them all to exhibit an insulating behavior.
However, in order to further understand this hetero-structure system, microscopic
characterization such as local atomic positions and displacements are suggested as future
studies. Moreover, theoretical investigations such as ab initio calculations of KTO/GSO
hetero-structures will shed light on how the interfacial bi-layer formation is preferential to
other options such as rock-salt structures and interfacial defects.
In summary, we have shown that high quality KTO thin films can be grown on
GSO substrates despite the polarity conflict of the hetero-interfaces. The polarity conflict
in this system is resolved by the formation of a reconstructed bi-layer at the hetero21

interface, whose net charge is (−1) per unit-cell. Our observations suggest that twodimensionally confined states with high electron densities can be created at the heterointerfaces between two polar complex-oxides, which may result in unprecedented,
intriguing physical properties.
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Chapter 3.
Enhanced Metallic Properties of SrRuO3 Thin Films via Kinetically
Controlled Pulsed Laser Epitaxy

3.1 Background of SrRuO3

Table 3.1 – Transport properties of SrRuO3 thin films and single crystals.

ρ (2 K)
(µΩcm)

ρ (300 K)
(µΩcm)

RRR

TC
(K)

This report, SRO/GSO (tensile
strain), t > 15 nm

25-30

125-140

5-6

160-163

SRO single crystals14-17

1-15

150-200

20-192

160-165

SRO/STO (comp. strain)20,21
(1-50 u.c.)

25-80

225-300

2-14

130-150

SRO/GSO (tensile strain)18
(27-64 u.c.)

350-375

650-700

2-4

100-130

SrRuO3 (SRO) is a 4d4 TMO with an orthorhombic (Pbmn), perovskite crystal structure in
bulk at room temperature. The lattice constants for this structural phase are a=5.57 Å,
b=5.53 Å and c =7.85 Å. However, along the crystallographic (110) direction it has a
pseudo-cubic structure with a pseudo-cubic lattice constant of apc=3.93 Å. It also has a
distorted oxygen octahedral configuration with Glazer notation a-a-c+; octahedral rotations
are in-phase around the (001)o axis and out-of-phase around the (1-10)o axis. This results
in a Ru-O-Ru out-of-plane bond (tilt) angle of θ=168˚. SRO is also a well-known itinerant
ferromagnet with a Curie temperature TC≈160K and a net magnetic moment μ=1.6μB/Ru.
Although the resistivity of SRO increases beyond the Mott-Ioffe-Regel limit, it is generally
considered to be an excellent electrode material because of its chemical stability and
structural compatibility with most functional oxide materials. It has a room temperature
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resistivity of ρRT≈200μΩcm and a Residual Resistivity Ratio (RRR) as high as 192 for bulk
single crystals.
3.1.1 SrRuO3 as a metallic electrode material
Complex-oxide materials with intriguing properties have dawned a new era of the
so-called ‘all epitaxial functional devices’ such as non-volatile memories[22-25], high
speed switching devices[26-28], piezoelectric nano-generators[29], and ultraviolet
lasers[30]. Recent advances in epitaxial growth techniques for complex oxides enabled
investigations of high quality ultrathin films with thickness of as thin as a few nanometers,
yielding novel physical properties[31].
Exploration of the device applicability requires suitable metal electrodes that
maintain such emergent physical properties. Normal metals and alloys such as Pt, Au, Ag,
and Cu with high electrical conductivity lack interface adhesion and structural
compatibility with complex oxides, which is essential for the fabrication of high
performance devices. SrRuO3 (SRO) is one of the most extensively studied and widely
used metallic oxides[32, 33].
The perovskite structure yields SRO to have excellent chemical stability, which
makes it an ideal electrode for oxide heterostructures[34]. However, so far, SRO thin films
have shown inferior metallic properties as compared to their bulk counterparts. SRO single
crystals typically have a Curie temperature (TC) around 160-165 K and a room temperature
resistivity of ~150 µΩcm (Refs. [35-38]), yet no films have been synthesized which
maintain these properties (see Table 6-1). For example, SRO thin films grown on GdScO3
(GSO) substrates have a significantly higher resistivity of ~650 µΩcm at room temperature
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and low TC (100-130 K) (Refs. [39, 40]). SRO thin films grown on SrTiO3 (STO) substrates
also exhibit a high room-temperature resistivity of ~225 µΩcm and low TC, which
approaches 150 K for thickness above ~25 nm (Refs. [41-44]). Hence, it is essential to ask,
“Are the transport properties of SRO thin films inherently inferior to SRO single crystals,
or is there a way to enhance the metallic properties in the thin film limit?”
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3.2 Effects of Tensile Strain on SRO

To answer these questions, we have investigated epitaxial thin films of SRO of various
thicknesses (1-65 nm) grown on atomically flat GSO (110)o substrates using PLE. The
pseudo-cubic lattice parameters of SRO and GSO are 3.93 Å and 3.96 Å, respectively.
Therefore, SRO thin films grown on GSO substrates will experience in-plane tensile strain
of +0.76 %. With respect to most perovskite materials, SRO has a relatively large lattice
parameter and hence, nearly all of the studies conducted on SRO thin films and heterostructures have been on substrates with smaller lattice parameters; i.e. under in-plane
compressive strain. Indeed, it wasn’t until the Scandate substrates such as GSO were
introduced to the market just over a decade ago that any studies of tensile strained SRO
were conducted. Even with the advent of single crystal Scandate substrates, the number of
studies on these systems have been sparse.
Nonetheless, straining the perovskite crystal structure can induce rotation and
tilting of the octahedra and/or elongations of the bond lengths. In Fig. 3.1 we show a
schematic of the bulk SRO crystal structure and a very simplified picture of two of the
possible effects (exaggerated) of applying tensile strain to this structure. The black arrows
indicate the spin of the major/minor carriers. One possible outcome is an increase in the
Ru-O-Ru in-plane bond angle via octahedral tilts and/or rotations. We can imagine that
increasing the bond angle would create a more direct path between sites for conducting
electrons to travel, giving an increase in the bandwidth (i.e. hopping integral) and hence a
decrease in the resistivity. The other possible outcome is that an elongation of the in-plane
bond length can be induced. The bond length elongation in-plane is accompanied by a
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Figure 3.1 - Schematic demonstrating the effect of tensile strain
on the SRO crystal lattice. In this simple picture the applied
tensile strain can have one of two effects; an increase in the Ru-ORu in-plane bond angle or an increase of the Ru-O-Ru in-plane
bond length.

bond length contraction out-of-plane. Typically, such an elongation has a high energy cost
because of the strong bonds between these atoms and is therefore not a likely response to
nominal values of strain. However, in this case, the out-of-plane contraction will lift the
degeneracy of the t2g band as the energy of the dxz and dyz orbitals (out-of-plane) will
increase as a result of the closer proximity, while the dxy (in-plane) remain unchanged or
decrease. This is a well-known phenomenon generally referred to as “orbital selective
quantum confinement” (Refs. [35],[36]) and is likely to have the opposite effect as the
increased bond angle; i.e. decreased bandwidth and higher resistivity. Therefore, in order
to achieve enhanced metallic properties, an increased bond angle is expected. It is
important to note that for compressive strain the result is opposite, i.e. decreased in-plane
bond angle or contraction of the in-plane bond length. Therefore, compressive strain is not
expected to result in an enhancement of the physical properties.
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(a)

(b)

Figure 3.2 - First principles calculations of the effect of
tensile strain on SRO. (a) In-plane bond angle, ϕ (red), and
Density of States at the Fermi Energy, N(EF) (blue), as a
function of the applied tensile strain. (b) Out-of-plane, Jc (blue),
in-plane, Jab (green), and average, Javg (red), exchange energy
as a function of the applied tensile strain.

3.1.1 Theoretical Predictions for Effects of Tensile Strain
According to our first-principles calculations[45, 46], SRO thin films under tensile
strain are expected to exhibit enhanced metallic properties as a result of the increase in the
Ru 4d electron bandwidth and average exchange energy (Javg.). The results of these
calculations can be seen in Fig. 3.2. Here, in Fig. 3.2 (a) we can see the calculated in-plane
bond angle, ϕ (red), and the Density of States at the Fermi Energy, N(EF) (blue), as a
function of the tensile strain. Note that while both of these parameters increase with tensile
strain, for the values of strain expected in the SRO/GSO system, N(EF) is essentially
constant but there is a small increase in the in-plane bond angle. Hence, we have chosen
GSO substrates to study the effect of tensile strain and kinetically controlled growth on the
physical properties of SRO thin films. We also performed calculations to investigate the
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exchange energy (J) as a function of tensile strain. In Fig. 3.2 (b) we can see the in-plane,
Jab (green), out-of-plane, Jc (blue), and average, Javg (red), exchange energy as a function
of the applied tensile strain. Again, for the value of strain expected in the SRO/GSO system
we can see an increase in the average exchange energy which can be thought to be
associated with an increase in TC. Therefore, based on our simplified model and our First
Principles calculations we can expect that tensile strained SRO thin films may exhibit
enhanced metallic properties.
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3.3 Structural Properties of SRO/GSO Hetero-structures

3.3.1 Synthesizing SRO/GSO Hetero-structures

We have prepared atomically flat GSO (110)o substrates (from CrysTec GmbH) by
annealing at 1000˚C in air[47]. Atomic Force Microscopy Topography images of both the
substrate before deposition and the film immediately after deposition can be seen in Fig.
3.3 (a) and Fig 3.3 (b), respectively. These images confirm the small surface roughness of
the substrate as well as the Step-Flow growth mode of the SRO films. The SRO thin films
are deposited at 600˚C in an oxygen partial pressure of 100 mTorr, with a KrF excimer
laser (λ = 248 nm) with a fluence of 1.6 J/cm2 at 10 Hz using a ruthenium rich
polycrystalline target.
3.3.2 Kinetic Control of Pulsed Laser Epitaxy
In order to control the deposition rate, we have used a variety of laser spot sizes
(0.16-0.41 mm2) by changing the aperture size in our laser optics. Note that the shape of
the laser spot (square) was the same for all spot sizes. In general, a larger (smaller) laser
spot size produces a larger (smaller) PLE plume; therefore by changing the size of the laser
spot, we can effectively control the deposition rate (for technical details, see Ref. [48]).
Note that the deposition rates we have used are between 150-800 pulses/u.c. (0.0270.005nm/sec), which are significantly slower than the typical deposition rates (10-50
pulses/u.c.) of conventional pulsed laser deposition. Figure 3.4 shows that the deposition
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(b)

(a)

SRO (65 nm)

GSO substrate

Figure 3.3 - AFM Topography (3x3 µm) of GSO substrate and corresponding SRO film (65
nm) (a) GSO substrate after annealing in air for 1 hour at 1000˚C. Our GSO substrates are
atomically flat, having a typical surface roughness, Rq = 1.4 nm, unit cell step height and miscut
angle less than 0.1˚. (b) 65 nm SRO epi-thin film imaged immediately after deposition. The films
all had similar surface roughness (Rq ≈ 1.6 nm) which is comparable to the substrate. The white
line in (a) is a scale bar representing 1 µm.

rate can be controlled by keeping our growth parameters fixed and only changing the laser
spot size. Using an isotropic slab model[49] with the complex dielectric functions of a
SRO thin film and a GSO substrate, as shown in Figs. 3.4 (a) and 5.4 (b), respectively, the
real- time thickness of SRO thin films was monitored using in-situ optical spectroscopic
ellipsometry[49] and the deposition rate was determined for each laser spot size. Figure 3.4
(c) shows the SRO in-situ film thickness as a function of time with the laser spot sizes of
0.16 mm2, 0.30 mm2, and 0.41 mm2, respectively. The total thickness of the SRO thin
films was also confirmed from the interference fringes in the x-ray diffraction (XRD) θ-2θ
scans. Figure 3.4 (d) shows the room temperature optical conductivity spectrum of a SRO
thin film, which is consistent with a reference spectrum[50].
3.3.3 Thickness Dependent Structural Symmetry
The SRO thin films display a change in the crystal structure above 16 nm. Figure
3.5 (a) shows the XRD θ-2θ scans for our SRO thin films, which reveal the out-of-plane
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(a)

t
(b)

(c)

(d)

Figure 3.4- Real-time monitoring of the thin film thickness
via in-situ optical spectroscopic ellipsometry. Schematic of
the sample geometry with the associated in-situ real (blue) and
imaginary (red) dielectric functions as a function of photon
energy for (a) SRO thin film and (b) GSO substrate, collected
after and before deposition, respectively. (c) Real time thickness
of a SRO thin film extracted from the in-situ spectroscopic
ellipsometry data using a single slab model during the growth.
The red arrows indicate the start and stop point for deposition
and the red asterisks represent when the deposition is stopped to
change the laser spot size. (d) Comparison of room-temperature
optical conductivity spectrum of our SRO thin film to the data
previously reported for SRO [34].

(hh0)o reflections of the orthorhombic phase. The inset of Fig. 3.5 (a) shows a rocking
curve of a 16 nm-thick SRO thin film, which has a full width at half maximum (FWHM)
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Figure 3.5 - X-Ray Diffraction patterns and cross-sectional
High Resolution Scanning Transmission Electron
Microscopy images obtained for films of SrRuO3 deposited
on GdScO3 (110) substrates. (a) Out-of-plane θ-2θ XRD
patterns for SRO films around the (220)o peak, of thickness
ranging from 6-65 nm. The inset shows a typical rocking curve
for all of the films in this thickness range. (b,c) High resolution
Scanning Transmission Electron Microscopy images of crosssections with the beam along the (1-10)o (b), and (001)o (c),
directions.

value of 0.06 ˚, indicating good crystallinity of the film. We performed XRD reciprocal
space maps (RSM) around the GSO 620 and 260 reflections, and define Q// along the inplane [1-10]o direction, and along the out-of-plane [110]o direction. The RSM’s around
these reflections for our 9, 16, and 65 nm thick films are shown in Figure 3.6. For all three
films, the position of the SRO and GSO peaks along the horizontal axis, Q// (in-plane), are
in the same position, indicating the films are fully strained to the substrate without
relaxation. Meanwhile, along the vertical axis, Q⊥ (out-of-plane), the 9 nm sample shows
that the SRO peaks are located at different positions (Q⊥ = 6.43 and 6.46 nm-1 respectively),
while the 65 nm film has the SRO peaks in the same location (Q⊥ = 6.43 nm-1). In Ref. [33],
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Figure 3.6- Reciprocal Space Maps (RSM’s) for the (620)o
(a-c) and (260)o (d-f) reflections for the 9-, 16- and 65-nmthick samples.

the authors used RSM and nano-beam electron diffraction measurements and they used
this data to show that films thicker (thinner) than 16 nm have higher (lower) crystalline
symmetry which is indicative of a structural phase transition to a monoclinic phase as the
film thickness is decreased. Kan, et al. (Ref. [39]) have reported a similar result for their
SRO films grown on GSO substrates.
As further evidence of the quality of these films we have performed cross-sectional
scanning transmission electron microscopy (STEM). STEM High Angle Annular Dark
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Field (HAADF) images of a 65 nm-thick SRO thin film are shown with the beam along the
[1-10]o (Fig. 3.5 (b)) and the [001]o (Fig. 3.5 (c)) directions, respectively. A sharp interface
(red arrows) is observed between the GSO substrate and SRO thin film, and there are no
indications of misfit dislocations or defects. The white bar in Fig. 3.5 (b) is for scale and
represents 5 nm. Based on our XRD and STEM results we have confirmed that our
SRO/GSO films are of extremely high quality and therefore they will provide an ideal
platform for investigating the transport properties of SRO under tensile strain.
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3.4 Enhanced Metallic Properties of SRO/GSO Hetero-structures

3.4.1 Thickness Dependent dc-transport Measurements
The resistivity and TC of thicker SRO thin films are similar to SRO bulk single crystals.
The dc-transport behavior of SRO thin films is shown in Figure 3.7 as a function of
temperature (ρ(T)). While a 1 nm thick film is insulating, SRO thin films with increased
thickness show a clear metallic behavior. Note that ρ(T) is significantly reduced above ca.
16 nm and it is very similar to that of bulk crystals[38]. Moreover, as summarized in Table
6-1, the room temperature resistivity (ρ(300K)) of our SRO thin films are smaller than any
previous reports of SRO single crystals and thin films.

The seemingly surprising

improvement over the single crystal resistivity is in agreement with our first-principles
calculations, which suggest an enhanced conductivity of SRO under tensile strain (see Fig.
3.2). SRO is an itinerant ferromagnet described by Ru 4d conduction bands using the
Stoner model. The “kink” visible in the ρ(T) data is due to the suppression of spin
scattering as SRO transitions to a ferromagnetic state and represents the TC of SRO thin
films. The TC is estimated by taking the first derivative of the resistivity (dρ/dT), as shown
in the inset of Fig. 3.7. The TC values of our SRO thin films are close to (or higher than)
the previously reported values of SRO single crystals (Refs. [35-37]) and compressivestrained SRO thin films (Ref. [41-43]).
The TC values gradually increase as the thickness is increased, reaching a maximum
(~ 163 K) at 16 nm, and remains approximately constant above this thickness. Figure 3.8
(a) shows the estimated TC’s as a function of thickness. Note that these TC values are

36

107

dρ/dT

Single Crystal
(Allen et al.)

6

10

SRO/STO
(Xia et al.)

ρ (µΩ cm)

140

150

160

170

180

T (K)

5

10

1 nm
6 nm

102

16 nm 32 nm
Single Crystal
(Allen et al.)

0

50

100

150

200

250

300

Temperature (K)
Figure 3.7 - dc-Transport data for SrRuO3 films of various
thicknesses. Resistivity, ρ(T), as a function of temperature for
films of 1, 6, 16 and 32 nm thickness. For comparison we have
also included digitized data from our references, for SRO single
crystals (Ref. 17). The inset shows the derivative of the
resistivity as a function of temperature for our 16 nm sample as
well as the digitized data for single crystals (Ref. 17) and a
SRO/STO (compressive strain) film (Ref. 20).

significantly higher than previously reported TC’s for SRO thin films under compressive
(open triangles)[41] and tensile (open squares) strain[39], as shown in Fig. 3.8 (a) for
comparison. Although the room temperature resistivity and TC of our films are enhanced
from other SRO thin films, the residual resistivity ratio (RRR) remains low (see Table 1).
This is likely due to the appearance of a resistivity up-turn at low temperatures (< 20K) in
SRO thin films, which has been observed in previous studies, but its origin is not fully
understood at this moment.
3.4.2 Effect of Laser Fluence on Metallic Properties
To investigate the discrepancy in the enhanced metallic properties observed in our
SRO thin films compared to that of other thin film reports, we have performed a test growth
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(a)

(b)

(c)

Figure 3.8 - Effects of tensile strain and moderated deposition rate on the Curie temperature (TC) and
physical properties. (a) The Curie temperature versus the film thickness is shown as red filled circles. The
open triangles and squares represent previously reported values for SRO/STO (Ref. 20) and SRO/GSO (Ref.
18) films (compressive and tensile strain), respectively. The green shaded area highlights the thickness region
where the conductivity and TC become maximum and comparable to single crystals (black dashed lines). (b)
Comparison of the XRD θ-2θ data of two films grown at 350 pulses per unit cell but with different laser
fluence. The red curve shows the 16 nm film (~1.6 J/cm2) and the black curve shows the 15 nm film (~3
J/cm2). (c) Comparison of the ρ(T) data for the same two samples.

of a 15 nm-thick SRO thin film with an increased laser fluence of ~3.0 J/cm2. Note that
the optimal SRO thin films are grown at ~1.6 J/cm2. The XRD θ-2θ scan of the test-grown
SRO thin film shows a slight increase in the out-of-plane lattice parameter (decrease in 2θ
values) compared to an optimal 16 nm-thick SRO thin film, as shown in Fig. 3.8 (b), while
the FWHM of the two thin films rocking curves are very similar indicating they both are
homogeneous with comparable crystalline quality. Surprisingly, the ρ(T) data shows that
the 15 nm-thick SRO thin film grown at the high fluence (~3.0 J/cm2) has roughly double
the resistivity, as shown in Fig. 3.8 (c), and a significantly lower TC (~ 133 K) than those
from the 16 nm-thick SRO thin film.
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3.4.3 Effect of Ru Vacancies on the Metallic Properties
It is well known that Ru vacancies can be formed in SRO thin films due to the
volatile nature of the Ru atom. According to Dabrowski et al.[51], Ru vacancies have a
profound impact on the metallic and magnetic properties of SRO thin films, i.e. decreasing
TC down to 86 K for only a 6 % change in Ru site occupancy. Therefore, we consider that
the laser fluence in PLE may affect the stoichiometry of SRO thin films. Unfortunately,
because the change in stoichiometry is so small, microscopic characterization
measurements are not capable of resolving the differences in our films. However, the
transport and magnetic properties of SRO thin films can be significantly affected as shown
above. It is also known that structural distortions and symmetry mismatch across interface
boundaries, and other interfacial effects can deteriorate electrical properties of complexoxide thin films and hetero-structures[52-54]. However, in our SRO thin films grown on
GSO substrates, the laser beam spot size, and hence, the film deposition rate is shown to
have a more significant role in their transport properties than the interfacial contributions.
3.4.4 Metallic Properties with Kinetically Controlled Laser Plume
In order to verify the effects of the kinetically controlled growth rate on the
properties of SRO thin films, we have grown two samples of similar thickness but with two
different laser spot sizes. A 5 nm-thick SRO thin film was grown using the smallest laser
spot size (0.16 mm2) with an extremely slow growth rate (~800 pulses per unit-cell). This
film is compared to a 6 nm-thick film which was grown using a laser spot size of 0.35 mm2
resulting in ~270 pulses per unit cell. A comparison of the resistivity of these two samples
can be seen in Figure 3.9 and our dc-transport measurements clearly show that the
resistivity of the 5 nm film is reduced compared to the 6 nm-thick film. This is surprising
39

because for our films grown with the same laser spot size (0.35 mm2) as well as previous
studies[34], the resistivity increases as the film thickness decreases. Hence, moderated
PLE techniques, i.e. controlled growth rate and laser spot size, are the key for the enhanced
transport properties of SRO thin films. Lee et al.[48] showed that the laser spot size plays
a significant role in the oxygen stoichiometry of STO thin films fabricated with PLE, and
our result shows that the laser spot size can also have an impact on the cation stoichiometry
(i.e. Ru ions). Although it is an arduous task to precisely measure the stoichiometric ratio
of thin films directly, by comparing data from samples intentionally grown with Ru or O
vacancies[51, 55], we have shown that the kinetically controlled (laser spot size) PLE
deposition is a fundamental component of fabricating the highest quality complex oxide
films and hetero-structures.
This work dismisses the notion that SRO thin films are inherently inferior to single
crystals, which has become a generally accepted problem in the solid state community. We
have discovered that it is possible to achieve SRO thin films with metallic properties
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Figure 3.9 - Results for ultra-slow deposition rates. The
black line represents a 6 nm film which was deposited at a rate
of ~200 pulses per unit cell, and the red line represents a 5 nm
film deposited at a rate of ~800 pulses per unit cell.

similar to SRO single crystals by adjusting the laser spot size and effectively reducing the
laser plume kinetic energy, thereby improving the overall stoichiometry of the films. Our
results show that by controlling the laser spot size (laser plume energy), it is possible to
fabricate epitaxial thin film electrodes for functional oxide devices which do not hinder the
functionality of the device as a result of degraded metallic properties.
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Chapter 4.
Observation of Topological Hall Effect in Highly Conductive SrRuO3
Thin Films

4.1 Introduction to Topological Phases and Experiments

Since the introduction of topology to gauge theories by Atiyah et al[56]. in the 1970’s the
concept of Topological Physics has emerged as a prominent field of study. However, over
the last decade the experimental Condensed Matter community has seen an explosion of
topological works thanks in a large part to the first ever direct evidence of a “magnetic
skyrmion” phase by Neubauer et al[57]. Magnetic skyrmions are topologically protected
particles characterized by a chiral spin structure and associated with a topological integer
which cannot be altered by a continuous deformation of the field configuration. Moreover,
since magnetic skyrmions comprise many spins, they are expected to be robust under
thermal and quantum fluctuations making them ideal platforms for investigating
fundamental sciences and proof-of-concept devices.
4.1.1 Experimental Evidence of Magnetic Skyrmions
Since the discovery of skyrmions in condensed matter systems, a variety of
experimental techniques have been developed and improved to investigate them. However,
the techniques for directly observing magnetic skyrmions, such as Lorentz Transmission
Electron Microscopy (LTEM) and Small Angle Neutron Scattering (SANS) still remains a
difficult task due to the requirement for low temperatures and externally applied magnetic
fields. In the case of LTEM achieving low temperatures is a non-trivial task as it either
requires the entire microscope to be placed inside of a cryostat otherwise the electron beam
will have to be incident upon a cryostat window before encountering the sample which can
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drastically impact image quality. Additionally, both LTEM and SANS experimental setups
at most facilities around the word do not have a superconducting magnet which is required
for fields greater that 1-2 T.
4.1.2 The Hall Effect
On the other hand, the Topological Hall Effect (THE) has had a huge amount of
success in probing magnetic skyrmions in a variety of materials and systems. Although
the THE does not allow for direct imaging of the magnetic skyrmion, the ease with which
these measurements can be made on essentially any system has made it a powerful tool in
the study of these topological objects. Because this technique is a type of dc-transport
measurement, it is not limited by low temperature cryostats nor the need for large external
magnetic fields as most modern setups are designed with these measurements in mind.
Indeed, for all of the work presented here I have used a Quantum Design Physical Property
Measurement System (PPMS) with a 14 Tesla superconducting magnet.
4.1.3 The Ordinary Hall Effect
The Hall effect was first discovered by Edwin Hall in 1879 when he observed that
by applying an external magnetic field to a sample with a longitudinal current, a transverse
voltage could be measured.

An example of the experimental setup is depicted

schematically in Figure 4.1. Here, I follow the convention where the electrons actually
move in the opposite direction of the current. Due to the Lorentz force (Eq. 6.1) from the
externally applied magnetic field the electrons gain a transverse component of velocity
�⃗ is directed
from the cross product where the direction of 𝑣𝑣⃗ is parallel to the current and 𝐵𝐵
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Figure 4.1 - Schematic representation of a typical Hall effect
geometry. The blue (red) arrow indicates the direction of the applied
current (magnetic field) while the black arrow shows the path an electron
will follow as a result of the Lorentz force from the applied magnetic field.
This creates a buildup of charge on the opposite sides and hence, an
electric potential; i.e. the Hall voltage.

along the surface normal. This causes a buildup of charge on either side of the sample and
hence, an electric potential is generated; the Hall voltage, VH.
�⃗
𝐹𝐹⃗ = 𝑞𝑞𝑣𝑣⃗ × 𝐵𝐵

(6.1)

For most common, non-magnetic metallic materials the Hall voltage, and hence,
the Hall resistivity, is proportional to the applied magnetic field (Eq. 6.2). Where ρxy, R0
𝜌𝜌𝑥𝑥𝑥𝑥 = 𝑅𝑅0 𝐻𝐻

(6.2)

and H are the transverse resistivity, Hall coefficient and applied magnetic field,
respectively. The Hall coefficient, R0, is inversely proportional to the carrier concentration
and the general convention in SI units is show in Equation 6.3, where n is the carrier
concentration (cm-3) and e is the fundamental unit of charge (C). This is the original form
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1

𝑅𝑅0 = − 𝑛𝑛𝑛𝑛

(6.3)

of the Hall effect discovered by Edwin Hall and as it pertains to ordinary, non-magnetic
materials it is often referred to as the Ordinary Hall Effect (OHE). With this discovery,
scientists now had a tool for measuring the carrier concentration and mobility of nonmagnetic, conducting materials and this had played a critical role in the development of
semiconductor physics. However, a few years after he discovered the OHE, Edwin Hall
also found that the Hall effect was orders of magnitude larger in ferromagnetic materials.
4.1.4 Anomalous or Extraordinary Hall Effect
This second discovery by Hall of a stronger effect in ferromagnetic materials is
plagued with a long history of problems[58]. For nearly a century physicists argued over
the underlying fundamental cause for this phenomena and it wasn’t until the development
of the “Berry phase” that a clear and concise understanding was achieved[59].
Nonetheless, it was found that this additional contribution to the Hall effect was
proportional to the spontaneous magnetization.

Therefore, we can write a general

description of the Hall effect resistivity by adding up these contributions as seen in Eq. 6.4.
Here, the first term is the
𝜌𝜌𝑥𝑥𝑥𝑥 = 𝑅𝑅0 𝐻𝐻 + 𝑅𝑅𝑠𝑠 𝑀𝑀

(6.4)

OHE and the second term has been dubbed the Anomalous Hall Effect (AHE). In the
second term, Rs is a scaling coefficient and M is the magnetization.
Before the connection to the Berry-phase curvature was made, several empirical
explanations were put forth to describe this “anomalous” contribution to the Hall effect.
These empirical formulations came to be known as the “skew scattering” and “side jump”
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mechanisms and indeed, they can still be applied to systems with a large number of
magnetic impurities but they fail to explain this additional contribution for ferromagnetic
materials[60-63]. For this reason, I will not discuss them here as SrRuO3 is a ferromagnetic
material and thus, requires the emergent electro-magnetism which results from the Berryphase curvature.
4.1.5 Topological Hall Effect
Another contribution to the transverse, or Hall resistivity which is a result of the
emergent electromagnetism was only discovered in the last decade[64]. While the AHE
has been shown to be the result of a Berry-phase in momentum space[65-67], this new
contribution has been found to stem from a Berry-phase in real space[68, 69]. As this work
is primarily interested in the later of these two, I will give a brief description of the theory
behind it in the next section. That being said, we can finally write down the most general
form of the Hall resistivity which includes all three contributions. Although topological
considerations are required for both of these last two contributions, the more recently
discovered term has been simply called the Topological Hall Effect (THE). As this term
is still in its infancy and has not been found to be proportional to any fundamental
parameters it is simply represented in Equation 6.5 as, 𝜌𝜌𝐻𝐻𝑇𝑇 .

𝜌𝜌𝑥𝑥𝑥𝑥 = 𝑅𝑅0 𝐵𝐵 + 𝑅𝑅𝑠𝑠 𝑀𝑀 + 𝜌𝜌𝐻𝐻𝑇𝑇
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(6.5)

4.3 Emergent Electro-Magnetism

I have mentioned Berry-phase in the preceding section of this chapter as being fundamental
to understanding the two extra contributions to the OHE and in the following I will briefly
describe how this phase gives rise to an emergent magnetic field which is responsible for
the THE[70, 71]. The AHE has a similar argument which occurs in momentum space
rather than real space but this is not of particular importance to this work and therefore I
will defer it to the literature.
One of the simplest and well-known examples of a Berry-phase or geometrical-phase is
that of a vector on a sphere (see Fig. 4.2)[71]. The parallel transport of this vector along a
closed path on the surface of the sphere gives the vector an additional phase, which depends
only on the geometry of the space, when it returns to its original position. Another famous
example is the “Mobius Strip” where two complete loops are required in order to return to
the original position; i.e. one trip obtains a phase shift of π.
Now, if we consider a system whose parameters are non-degenerate and varied
⃡(𝑡𝑡). Then the solutions of the time-dependent
adiabatically in the parameter space 𝐗𝐗
Schrodinger equation (Eq. 6.6) are given by Equation 6.7.

⃡(𝑡𝑡))|𝜓𝜓(𝑡𝑡)⟩
𝑖𝑖ℏ𝜕𝜕𝑡𝑡 |𝜓𝜓(𝑡𝑡)⟩ = 𝐻𝐻(𝐗𝐗
𝑡𝑡 𝑖𝑖

⃡ ′ �𝑑𝑑𝑡𝑡 ′

|𝜓𝜓(𝑡𝑡)⟩ = ∑𝑛𝑛 𝑒𝑒 𝑖𝑖𝛾𝛾𝑛𝑛 𝑒𝑒 ∫0 ℏ𝜖𝜖𝑛𝑛𝐗𝐗�𝑡𝑡

(6.6)
|𝜓𝜓𝑛𝑛 (𝑡𝑡)⟩

(6.7)

Where 𝛾𝛾𝑛𝑛 is a purely geometric object known as the Berry-phase. Because excited states
are not involved we need only consider
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Figure 4.2 – An example of the Berry
Phase picked up by the parallel
transport of a vector along a closed
path on the surface of a sphere. Image
from Ref. [67].

⃖�⃗𝑛𝑛 �𝑿𝑿
⃖�⃗� = 𝑖𝑖 �𝜓𝜓𝑛𝑛 � 𝜕𝜕 �𝜓𝜓𝑛𝑛 �
𝑨𝑨
⃖�⃗
𝜕𝜕𝑿𝑿

(6.8)

Then, the Berry-phase is given by
⃖�⃗� ∙ 𝑑𝑑 ⃖�⃗
𝛾𝛾𝑛𝑛 = ∮ ⃖�⃗
𝑨𝑨𝑛𝑛 �𝑿𝑿
𝑿𝑿

(6.9)

⃖�⃗𝑛𝑛 �𝑿𝑿
⃖�⃗� is a vector-valued, gauge dependent quantity which is sometimes referred to
This 𝑨𝑨

as the Berry vector potential due to its analogous form to the vector potential in
electrodynamics. To see this more clearly, consider an electron moving through a region
where the magnetization is a function of the position, time or both, but the magnitude is
��⃗(𝑟𝑟⃗, 𝑡𝑡)�. As the electron moves through this region, it will, in the adiabatic
fixed; i.e. 𝑀𝑀 = �𝑀𝑀

limit, constantly adapt its magnetic moment to that of the local moment and acquire a
Berry-phase.
Recall that the Berry-phase is given by a closed contour integral and therefore we
can invoke Stokes theorem (Eqs. 6.10 and 6.11) to transform it into a surface integral.
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Figure 4.3 – Schematic of an
electron
moving
through
a
magnetic skyrmion spin texture.
As the electrons moment adjusts to
the local moment of the spin texture
the electron gains a tranverse
component of velocity which gives
rise to additional contribution to the
Hall effect; the Topological Hall
effect. Image from Ref. [70].

∮ 𝐹𝐹⃗ ∙ 𝑑𝑑𝑟𝑟⃗ = ∬ �∇⃗ × 𝐹𝐹⃗ ∙ 𝑑𝑑𝑆𝑆⃗

⃖�⃗� ∙ 𝑑𝑑 ⃖�⃗
⃖�⃗𝑛𝑛 �𝑿𝑿
⃖�⃗� ∙ 𝑑𝑑𝑆𝑆⃗
𝑨𝑨𝑛𝑛 �𝑿𝑿
𝑿𝑿 = ∬ �∇⃗⃖�⃗𝑿𝑿 × 𝑨𝑨
∮ ⃖�⃗

(6.10)
(6.11)

Using this we can define the so-called Berry curvature (Eq. 6.12) which resembles relation
between the magnetic field and magnetic vector potential (Eq. 6.13). Indeed, as the
�⃗𝑛𝑛 �𝑿𝑿
⃖�⃗� = ∇
�⃗⃖�⃗ × ⃖�⃗
⃖�⃗�
𝛺𝛺
𝑨𝑨𝑛𝑛 �𝑿𝑿
𝑿𝑿
�⃗ = ∇
�⃗ × 𝐴𝐴⃗
𝐵𝐵

(6.12)
(6.13)

electron moves adiabatically through the inhomogeneous magnetic spin texture, this realspace Berry curvature behaves just like an additional component to the externally applied
magnetic field[72]. This can be seen and has been shown by a variety of references by
mapping the problem to a similar problem of an electron moves through a uniform Zeeman
magnetic field but also “feels” an additional emergent magnetic field. I will leave the
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details of this mapping to the literature. The key here is that this emergent magnetic field
gives an additional term to the Hall effect and this is exactly the THE. A schematic
depiction of this effect can be seen in Figure 4.3. Here, the inhomogeneous magnetic spin
texture is represented by a magnetic skyrmion and in almost all cases the observation of a
THE is thought to be indirect evidence of magnetic skyrmion formation.
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4.4 Observation of THE in SrRuO3/GdScO3 Thin Films
4.4.1 Magnetic Skyrmions in Complex-Oxide Systems
Only in the last few years have reports of magnetic skyrmion formation begun to emerge
in complex-oxide systems, and the majority of these systems involve SrRuO3. However,
all of the reports published to date have required complex stoichiometry[73] or complex
structures and geometries[74] in order to observe a THE and/or a magnetic skyrmion phase.
A recent report observed a THE in bi-layers of SRO and SrIrO3 (SIO) and claimed that the
heavy 5d Ir ion in SIO with strong SOI is needed to enhance the interfacial DMI in order
to induce the magnetic skyrmion phase[75]. This is surprising as the 5d electrons in the Ir
ions are well localized and separated from the Ru ions by a rock-salt layer; i.e. SrO. Also,
magnetic skyrmions have already been shown to exist in several 3d compounds and
therefore having a heavy 5d element should not be necessary[57, 76]. In another recent
study, the authors observed a THE in bi-layers and tri-layers of SRO and La1-xSrxMnO3
(LSMO) and attributed it to antiferromagnetic coupling at the SRO-LSMO heterointerface[77]. Additionally, the authors did not attribute the observed THE to the formation
of a magnetic skyrmion phase but rather claimed that the fundamental mechanism was not
fully understood. This has led us to ask, “Is it possible to observe a magnetic skyrmion
phase in SRO thin films without the added complexity of additional materials with strong
SOI and/or complex structures and stoichiometry?”
4.4.2 Magneto-Transport in SRO Thin
In the previous section I discussed our recent report on the enhanced metallic
properties of SRO thin films fabricated on GSO substrates via tensile strain and moderated
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Figure 4.4 – Magneto-transport measurements for
SRO/GSO thin films (6, 16, 51 nm) with enhanced
metallic properties. (a) Magnetoresistance and (b) Hall
resistivity as a function of film thickness.The black arrows
indicate the sweep direction and the asterisks (*) indicate the
location of an anomalous peak. All measurements were
performed at 2 K.

laser plume kinetic energy. Because of their enhanced metallic properties, these samples
offer an ideal system to investigate the possibility of emergent topological phases in SRO
thin films. As I mentioned previously, the Topological Hall Effect has had a lot of success
investigating magnetic skyrmion phases because of its ease of use and accessibility and
therefore we will perform magneto-transport measurements in the hopes of observing a
THE which is most likely a result of magnetic skyrmion formation.
We have performed magneto-transport measurements on our SRO/GSO thin films
which have previously been shown to exhibit enhanced metallic properties (see Figs. 3.7
and 3.8). Similar to our previous study, these measurements were conducted in a Quantum
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Design PPMS with a 14 T superconducting magnet. Our samples were prepared by
soldering Indium leads in either a conventional 4-probe (ρxx) or Hall bar (ρxy) geometry
and for all of our measurements the current is applied in the [1-10] direction and the
magnetic field is along the surface normal [110] direction (see Fig. 4.6 (b)). As we can see
from Fig. 4.4 (a), the magneto-resistance (MR) of these films has similar behavior to other
SRO films and metallic ferromagnets, although the MR and coercive fields are somewhat
larger than has been previously reported for SRO thin films. Note that from the MR
measurements alone it is difficult to determine if there are any signatures of a topological
phase. However, In Fig. 4.4 (b) we can see the corresponding transverse, or Hall resistivity
for these films and here we notice several key features. Foremost are the small peaks that
appear in the Hall resistivity near the coercive fields. These peaks cannot be explained by
the AHE nor OHE and therefore we attribute them to the Topological Hall Effect (THE).
An additional feature to note in this figure is the relative intensities of the MR and Hall
resistivity. We see in Fig. 4.4 (a) that as the film thickness increases from 6 to 51 nm, the
MR is hardly affected while the Hall resistivity decreases by more than a factor of 5. By
the time the thickness reaches 51 nm the Hall resistivity is made up almost entirely by the
THE. In order to simplify our analysis, we will focus on the 16 nm sample for the
remainder of this study; i.e. single peaks and moderate intensity.
In Figure 4.5 we show the magneto-transport data for the 16 nm sample taken at 2
K. Again, from the MR data alone (Fig. 4.5 (a)), we cannot easily see any indication of a
topological phase. By taking the derivative of the MR (b) with respect to the magnetic
field we see our first evidence of a non-trivial phase. It is important to note the match
between the coercive field in the MR and its derivative indicated by the dashed line (1)
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Figure 4.5 - Magneto-transport data for the 16 nm thick film
at 2 K. (a) Magnetoresistance (MR) (b) first derivative of MR
and (c) Hall resistivity as a function of the applied magnetic field.
The hysteresis reversal in the MR is associated with domain
flipping which occurs at slightly lower fields (1) than the peaks
in the Hall resistivity (2). The arrows (red and blue) indicate the
sweep directions of the applied field.

does not match with the anomalous peaks in the Hall resistivity. Also, by comparing the
derivative of the MR (b) and the Hall resistivity (c) in Figure 4.5 we also see that the THE
peaks in the Hall resistivity are located at the same applied magnetic field as the additional
peaks that are seen in (b). This is a good indicator that the THE peaks are likely attributed
to the formation of a magnetic skyrmion.
Although the THE cannot directly confirm the existence of a magnetic skyrmion
phase, it may still be possible to extract some information which can give us a better
understanding of the situation. For example, previous reports have shown that the magnetic
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Figure 4.6 - Hall resistivity of the 16 nm sample. Data shown
as a function of (c) the magnetic field orientation and (d) the
temperature. (a) Schematic diagram showing how tilting the
sample destroys the proposed magnetic skyrmion. (b) A
schematic showing the sample geometry for the Hall
measurements. In (c) the Hall resistivity is shown as a function
of only the perpendicular component of the applied magnetic
field (μ0Hcosθ).

skyrmion can be destroyed by rotating the applied magnetic field with respect to the
samples surface normal. This effectively creates an in-plane component of the applied
magnetic field which acts to distort and/or elongate the magnetic skyrmion and ultimately
destabilize the Dzyaloshinsky-Moriya Interaction (DMI) which is responsible for the chiral
spin texture. From these measurements we can estimate the maximum size of the magnetic
skyrmion. Additionally, by measuring the THE as a function of the temperature we can
get an idea of the skyrmion dynamics and energy scale of the associated interactions.
In Fig. 4.6 I present the results of our Hall measurements for the 16 nm film as a
function of (c) the applied magnetic field orientation and (d) the temperature. The
schematics in Figure 4.6 (a) and (b) show how the proposed magnetic skyrmion is affected
by rotating the field and the geometry used for these measurements, respectively. As we
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can see here, the peaks associated with the THE decay rapidly with both orientation and
temperature and are essentially gone by 4 degrees and 10 K. In both Figs. 4.6 (c) and (d)
only the data for the upsweep is shown. The disappearance of the THE above ~10 K is
surprising because these signals typically appear just below the ferromagnetic transition
temperature, TC, and exist down to the lowest temperatures; for SRO, TC ≈ 160 K.
However, surprising this result may be, it may provide a clue as to the source of the THE
signal.
Another clue about the nature and origin of the THE can come from the size of the
proposed magnetic skyrmion and the stability of the THE under rotation. One previously
reported technique for estimating the size of the magnetic skyrmion producing a THE is to
rotate the sample with respect to the applied magnetic field. This technique may also be
able to shed some light on the fundamental interactions responsible for the magnetic
skyrmion formation. One of the disadvantages to fabricating our films on GSO substrates
is the inability to measure the magnetization of the films using a conventional SQUID
magnetometer. This is because it is essentially impossible to separate the tiny film signal
from the collosal paramagnetic GSO substrate signal. However, because the OHE and
AHE do not depend strictly on the rotation angle, for small angles the AHE and OHE
remain essentially constant while the THE vanishes. This allows use to separate these
signals by subtracting the Hall resistivity at the critical angle from the Hall resistivity at
zero angle. As the field is rotated, the size of the perpendicular magnetic field component
increases from zero to some critical value where the magnetic skyrmion becomes unstable
and is ultimately destroyed along with the THE signal. As the size of the perpendicular
magnetic field component increases there is an associated horizontal elongation of the
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Figure 4.7 - Topological Hall resistivity. Shown as a function
of (a) the applied magnetic field orientation and (b) the
temperature. The solid lines are Lorentzian fits with a single
oscillator. Note that the coercive field has been subtracted out.

magnetic skrymion as the moments try to spread out in response to this applied
perpendicular field. This horizontal elongation is inversely proportional to the sine of the
angle between the field and the surface normal directions and hence, by determining this
critical angle we can estimate the maximum possible size of the magnetic skyrmion. When
the field is rotated at or above the critical angle, the THE signal disappears and only the
AHE and the OHE are left. This is important because it will allow us to separate the THE
contribution from the AHE and OHE by subtracting out the data at the critical angle.
As we can see from these results (Fig. 4.6 (c)), the THE disappears after the sample
has been rotated by only 4 degrees. This suggests that the magnetic skyrmions in this
system should be somewhat large. Indeed, based upon our geometric estimation of the
critical angle and the largest possible magnetic skyrmion we estimate the size of the
skyrmions to be ~100-110 nm for our 16 nm film. Performing these measurements for the
6 nm and 51 nm films (not shown) we similarly estimate the maximum size of the magnetic
skyrmions to be of the order of 15-20 nm and 700-750 nm, respectively.
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Figure 4.8 – Topological Hall Effect peak positions and
intensities. Magnetic fields (Bpeak) where the center of the
THE peaks appear and the amplitudes of these peaks as a
function of the applied magnetic field orientation (a)(b) and the
temperature (c)(d), respectively.

Figure 4.7 shows the results of separating the THE from the other contributions.
Here, we have also removed the coercive field from the applied field which acts as a sort
of energy gap. In (a) we can see how the topological Hall resistivity changes with rotating
the field, and, again, we see that by 4 degrees the intensity is nearly zero. Also, it is
important to note that the location of the peaks is essentially constant under rotation of the
field, while in (b) the location of the THE peaks shifts to slightly higher fields as the
temperature is increased from 2-10 K. To see this more clearly we have plotted the location
of the peaks (BPeak) and the intensity (ρTHE) as a function of the applied magnetic field
orientation and the temperature in Figure 4.8. As we can see in (a) the peak positions are
essentially constant as the field is rotated, while in (c) the peak positions decrease
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monotonically as the temperature is increased. Additionally, we see that while the intensity
of the peaks decreases in both cases, in (b) the change is much more rapid than is (d).
These results indicate that we have observed a THE in SRO thin films on (110)oriented GSO substrates with the need for any additional materials with large SOI or
complicated structures or stoichiometry. This observation is likely associated with the
formation of a magnetic skyrmion in this system. Although we cannot precisely determine
the fundamental interaction responsible for the magnetic skyrmion formation, these results
give us some important clues about what interactions may be at hand. The fact that the
THE disappears above 10-15 K implies that the Dzyaloshinskii-Moriya Interaction (DMI)
is not likely to play a role in this system because it is known to generate magnetic
skyrmions just below the Curie temperature, TC. Additionally, if the DMI were capable of
forming magnetic skyrmions in the SRO/GSO system, then it would likely be able to do so
in the SRO/STO (001) system. However, we, nor any previous works, have ever found
evidence for magnetic skyrmions is the SRO/STO (001) system and therefore we conclude
that the DMI is not a likely candidate. We also observed that the intensity of the Hall signal
decays rapidly with increased film thickness. This result implies that the interaction is
likely coming from the hetero-interface.

One possible explanation could be an f-d

exchange interaction between the Gd and Ru at the hetero-interface. Recently, Bluschke
et al. showed that an f-d exchange interaction between Ni and Dy in LaNiO3/DyScO3
hetero-structures can pin the orientation of the 3d moments to the directions determined by
the anisotropy of the rare-earth ions across the epitaxial interface.
Despite the ultimate, underlying interaction responsible for the magnetic
skyrmion formation in these SRO/GSO hetero-structures, this work has shown that not
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only can novel magnetic and topological phases be induced in SRO films, but they also
demonstrate the power of the THE as a tool for probing these phases.

60

Chapter 5.

Conclusions

As Herber Kroemer famously said in his Nobel acceptance lecture, “The interface is the
device.” In the preceding chapters I have presented my exploration of the heterointerface in samples involving polar, complex-oxides (KTaO3) as well as itinerant
ferromagnets (SrRuO3) with enhanced metallic properties and novel topological
properties.
In the first section of this thesis, I demonstrated a new concept where polar-polar
hetero-interfaces are synthesized which should not be possible due to the strong Coulomb
repulsion between their adjacent layers with the same type of built-in charge and dubbed
this concept the “polar conflict”. I showed that high quality films in this picture can be
fabricated despite this conflict and then I demonstrated that this conflict was alleviated
through the formation of an atomically reconfigured interfacial bi-layer. These results
show that hetero-interfaces between two polar complex-oxides have the potential to
create two-dimensionally confined states with high electron densities and novel physical
properties. Therefore, understanding polar hetero-interfaes between complex-oxide
materials could hold the key for creating next-generation devices with structural and
transport properties that are superior to modern electronic device materials. Hence, it
will be imperative to this research for future studies to perform microscopic
investigations of these polar hetero-interfaces as well as theoretical calculations for a
variety of complex-oxides.In the next section I discussed the history of degraded metallic
properties of SRO thin films and accepted the challenge to fabricate SRO thin films that
maintained the bulk-like metallic properties. Then I showed that by applying a coherent

61

in-plane tensile strain should give us the means to make this happen. Additionally, I
demonstrated the importance of the laser plume kinetic energy on the film stoichiometry
during deposition. My results indicated that with a controlled laser plume kinetic energy,
we can fabricate SRO thin films that maintain the single crystal metallic properties. This
is important because as the size of the modern electronic devices is scaled smaller and
smaller, tiny deviations of the structural and transport properties of the constituent
materials will play an exponentially larger role in the quality and performance of these
devices. Therefore, it will be important for future studies of complex-oxide thin films
fabricated via PLE to systematically control their laser plume kinetics in order to achieve
the highest quality films possible. Further, as in the case of SRO, it may be possible to
observe novel physical properties and/or phases as a result of the enhanced physical
properties induced by kinetically controlled PLE.
In the last section, I used these SRO thin films with enhanced metallic properties
to explore the possibility of a magnetic skyrmion phase in these samples. I presented the
Topological Hall Effect as the quintessential tool for investigating magnetic skyrmion
phases and then explained how our results not only verified that stand-alone SRO thin
films can host magnetic skyrmion phases, but that we can gain significant details about
the fundamental interactions that may play a role in the formation of these skyrmions. A
systematic study of the THE in SRO films of various thickness, as well as SRO films on
various substrate materials will be needed in order to help better understand the heterointerfacial interactions involved. However, by using only one tool it is difficult to get
“the full picture” and therefore the next studies of this system should involve more
advanced characterization techniques. In order to probe the magnetic and spin states of
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these films, we propose neutron reflectometry and synchrotron x-ray spectroscopic
measurements be performed.
All of these results demonstrate the important role played by hetero-interfacial
interactions and phenomena. Bulk materials and even single interface hetero-structures
can only take us so far, and by pushing the frontier of understanding in these simpler
systems only paves the way for the future.
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Appendix A

A.1 Transport Properties of I-V/II-IV and I-V/III-III Hetero-interfaces and Bi-layers

In addition to exploring the role of the polar conflict on the structural properties of
KTaO3/GdScO3 hetero-structures, we have also considered the role of polarity on the
transport properties of polar, complex-oxide hetero-structures. To begin we wish to
explore the polar catastrophe in a new light. In the aforementioned LAO/STO system it
has been shown that a 2-Dimensional Electron Gas exists at the hetero-interface of these
materials. Preparing STO substrates with TiO2 terminations is a somewhat trivial task, and
our simple ionic model predicts this 2DEG for LAO films on TiO2 terminated STO.
However, if the LAO (III-III) is replaced by KTO (I-V), then according to this same picture,
a 2-Dimensional Hole Gas (2DHG) should form. With the use of Hall effect measurements,
it should be rather simple to determine the validity of this argument. With that in mind we
have fabricated KTO/STO thin films in order to investigate their dc-transport properties.
Our structural characterization of these films indicates that they are epitaxial with the
proper orientation and fully strained to the substrate. However, upon measuring the
resistivity of these samples we find them to exhibit insulating behavior. Indeed, for most
of our samples, the resistance of off scale and too large to measure with the PPMS.
However, by changing the deposition conditions slightly we are able to fabricate KTO/STO
samples with conducting behavior. The problem here is that the parameter we have to
change is the oxygen partial pressure. By reducing the oxygen partial pressure from 100
mTorr down to 10 mTorr or less, these samples suddenly become metallic. However, by
measuring the Hall effect for these samples we find that the carriers are electrons rather
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than holes. This leads us to conclude that the reduced Oxygen pressure creates Oxygen
vacancies in the STO substrate which is a well-established method for generating electron
carriers in STO. The insulating behavior in the KTO/STO hetero-structures with little or
no oxygen vacancies implies that either the mobility of the holes is extremely small, or the
energy cost to reconfigure the hetero-interface is smaller than the energy cost to transfer
half a hole per unit cell. STEM images of the interface could provide critical evidence to
determine this outcome.

Our next investigation involved an extension of the polar

catastrophe to a tri-layer of polar/non-polar materials. In this picture we fabricated KTO(IV)/STO(II-IV)/GSO(III-III) hetero-interfaces in order to investigate the transport
properties. According to the polar catastrophe picture, if the terminations are controlled,
then it should be possible to transfer half an electron into the STO layer at both interfaces
giving a total of 1 electron per unit cell. Thereby doubling the carrier concentration and
significantly improving the transport properties of the system. However, despite this
anticipated enhancement we find that all of our tri-layers exhibit insulating behavior
despite the STO layer thickness (1-10 unit cells). Again, the energy cost of reconfiguration
may be cheaper than the charge transfers and STEM images could provide a clue.
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Appendix B
B.1 Anisotropic SrRuO3 Thin Films on a-Axis oriented LaSrGaO4 Substrates

Integrating the novel properties and functionalities of transition metal oxides with the wellestablished Silicon based semiconductor industry has been a highly sought after endeavor
for several decades. Despite the numerous efforts however, there has been little or no
progress in this area. One of the main complications to overcome is the large difference in
the crystallographic lattice sizes which can result in strain energies which do not easily
permit sample synthesis. Here, we report on the anisotropic fabrication of SrRuO3 thin
films on a-axis oriented LaSrGaO4 substrates. This system is not expected to be stable due
to the enormous lattice mismatch between the two materials, yet our X-Ray diffraction
measurements reveal single phase (110) oriented SrRuO3 films with an out-of-plane lattice
parameter that matches the bulk value (3.93Å). Our dc-transport measurements also reveal
properties which closely match those of single crystals; i.e. ρ(2K) ≈ 20μΩcm and TC ≈
160K. These surprising results show that integrating TMO’s with the existing Silicon
industry is obtainable, and understanding how they overcome their interfacial differences
is critical for future development of functional TMO/Si devices.
A unique aspect of epitaxial thin films that is the source of much of their novel physical
properties is the ability to realize metastable phases via interfacial strain engineering.
Whether compressive or tensile, interfacial strain is one of the fundamental parameters for
inducing novel physical states many epitaxial thin films and hetero-structures. The energy
required to force two materials of different lattice size and symmetry can have profound
effects on the physical properties of these materials and give rise to phenomena not seen in
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either material independently. On the hand, the amount of strain experienced between most
TMO’s rarely exceeds ±2% and indeed, it is often considered nigh on impossible to
fabricate epitaxial films and hetero-structures where the lattice mismatch is large enough
to induce interfacial strains exceeding ±5%.
B.2 Anisotropic Strain at the SRO/LSGO Hetero-interface

This fact alone has been the primary deterrent to integrating the wide range of functional
oxides with the well-established Si based integrated circuit industry. It is important to note
that there have been some advances in recent years but they have been significantly limited.
Therefore, any progress in this regard could be paramount to ultimately blending these two
areas of solid state devices. Given that for TMO’s the lattice parameters range from 3.5-4
Å while those of Si, Ge, etc. typically exceed 5 Å, fabricating epitaxial hetero-structures of
these materials would require interfacial strains on the order of 25% or more. This has lead
us to ask, “Can we fabricate epitaxial hetero-structures with colossal, anisotropic interfacial
strain?”
Typically, we consider the epitaxial strain between two materials to be isotropic
along both in-plane directions, and for most epitaxial hetero-structures this assumption is
safe; most TMO’s have a ≈ b. However, for materials such as the Ruddelson-Popper (RP)
phase with n=1 (A2BO4), when the a-axis is oriented as the surface normal direction the
two in-plane lattice parameters are significantly different and hence, the strain is
anisotropic. One such material that has seen success as an a-axis oriented (100) substrate
is LaSrGaO4 (LSGO). Typically, however, this substrate is used to fabricate other a-axis
oriented RP materials. LSGO has a K2NiF4, tetragonal crystal structure with a = b = 3.85
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Å and c = 12.68 Å. Therefore, SRO thin films fabricated on a-axis oriented LSGO
substrates will experience anisotropic strain of -2.04% along the b-axis and +222.65%
along the c-axis directions. Clearly, we would not expect epitaxial SRO films on a-axis
oriented LSGO substrates.

B.3 Fabricating SRO/LSGO Hetero-structures

We have fabricated (110) oriented SRO thin films on (100) oriented LSGO substrates via
Pulsed Laser Epitaxy (PLE). Similar to our previous report of SRO/GSO thin films, we
have prepared our LSGO substrates by annealing them at 1000C in air for one hour and
deposited the SRO films at 600˚C in an oxygen partial pressure of 100 mTorr, with a KrF
excimer laser (λ = 248 nm) with a fluence of 1.6 J/cm2 at 10 Hz using a ruthenium rich
polycrystalline target.
The results for our high-resolution XRD measurements are presented in Figure
5.1. Despite the enormous lattice mismatch, our X-Ray Diffraction (XRD) θ-2θ scans
reveal only (110) oriented SRO thin films on (100) oriented LSGO substrates. Additionally,
using the peak locations in Bragg’s Law, we can determine the out-of-plane lattice
parameter, and indeed, we find that it matches the value for bulk SRO crystals; i.e. apc =
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Figure B.1 - High resolution X-ray Diffraction
characterization of our SRO/LSGO sample.
(a) θ-2θ
measurements showing the substrate (100) peak and only the
(hh0) peaks of the SRO film. Rocking curves around the SRO
(110) (a) and (220) (b) reflections show the large mosaicity of the
films. RSMs around the substrate (303) (d) and (310) (e)
reflections.

3.93 Å (see Fig. 5.1 (a)). This is shocking considering the aforementioned colossal,
anisotropic strain expected at the hetero-interface.
To get a better idea of what exactly the crystal structure of the SRO films looks like,
we have performed Reciprocal Space Mappings around the LSGO (303) and (310)
directions. The results of these measurements are shown in Figs. 5.1 (d) and 5.1 (e). Here,
we can see that, unlike most fully strained, epitaxial films, the SRO film peaks are not
aligned along the horizontal axis with the substrate. Also, the SRO peaks appear to be
elongated along this axis as well. Although the spread here is much larger than is typical,
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Figure B.2 - dc-Transport properties of our SRO/LSGO
sample. The normalized resistance along the two in-plane
directions indicates that the anisotropy is small despite the large
strain anisotropy that is expected. Inset shows the first derivative
of the resistance vs. temperature with the location of the TC.
Digitized data from some references is also included.

this is usually associated with relaxation of the interfacial strain. By inspecting the vertical
axis location of the SRO peaks we find further confirmation that the out-of-plane lattice
parameter matches that of bulk crystals. RSM’s can be a great tool for investigating the
in-plane lattice parameter by finding the location of the film peaks along the horizontal
axis. However, due to the large spread of the peaks along this axis, determining the inplane lattice parameter is a difficult task.
By measuring the rocking curves around the SRO films peaks we may be able to
get a better picture of the crystal structure and reveal a clue about how this system is even
possible. In Figs. 5.1 (b) and 5.1 (c) we can see the rocking curves around the SRO (110)
and SRO (220) peaks, respectively. Although the Full Width at Half Maximum (FWHM)
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values for the two peaks are ~1 degree, a closer look at the (220) rocking curves reveals
what appears to be a very broad peak with a much narrower peak on top. This type of
feature has been shown to be indicative of an amorphous layer is some systems. Therefore,
it may only be possible to fabricate single crystalline SRO thin films on a-axis oriented
LSGO substrates by first depositing an amorphous SRO layer. If this is the case it could
have profound effects on the dc-transport measurements for this system.

B.4 dc-Transport of the SRO/LSGO Hetero-structure

We have measured the dc-transport properties of these SRO films and although there is a
small amount of anisotropy along the two different in-plane directions, the overall
properties closely mimic those of bulk single crystals. Because of the large amount of
anisotropy in the interfacial strain along the two in-plane directions, I have measured the
dc-transport properties along both directions in order to investigate the effects of the
anisotropic strain on the resistivity. In Figure 5.4 the results of these measurements are
presented with the current along the [010] direction (red) as well as the [1-10] direction
(blue). The inset shows the derivative of the resisitivty with respect to the temperature
which is how the TC is estimated. What is surprising is that the TC and the resistivity match
our results from Section II and that of previously reported single crystals. Understanding
how such a large interfacial strain energy can be overcome is paramount if these results are
to be extended to other substrates and/or other functional oxides.
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